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Wednesday, February 19, 2014 797alifetime. We used this method to analyze time-resolved images of FRET
sensors in live HeLa cells and obtained quantitative measurements of sensor
FRET efficiencies under reacted or unreacted states, which allow time-lapse
quantifications of Ca2þ and cAMP levels in vivo.
1. Zhao, M., Huang, R. & Peng, L. Opt. Express20, 26806-27 (2012).
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Presence of Shot Noise from other Emitters
Ingmar Schoen, Viola Vogel.
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Superresolution microscopy techniques such as stepwise photobleaching
or STORM/PALM imaging at very high labeling densities require the
localization of fluorophores with substantial spatial overlap. The funda-
mental resolution limit associated with localizing two emitters at once
(Rao et al., PNAS, 2006) is typically overcome by making use of bleaching
or blinking, resulting in additional images that contain independent informa-
tion about a subset of these emitters. These images are then used for
image subtraction to single out the fluorescence of one emitter, or as
common input to multi-PSF fitting procedures. While theoretical limits for
the achievable localization precision of a single emitter in the presence of
a homogenous background have been established (Thompson et al., 2002,
BJ; Smith et al., 2010, Nat Meth), noise sources in the form of other
emitters have not been systematically considered so far. In this work we
derive the Crame`r-Rao Lower Bound (CRLB) for the localization precision
in the presence of shot noise from other emitters. Moreover, we derive
an analytical expression that approximates this bound and highlights its
dependencies on fluorophore brightness and on the degree of spatial overlap.
Monte Carlo simulations were used to verify the correctness of the theoretical
descriptions and to benchmark different image analysis strategies in their
capability to attain the best-possible resolution. Our results can be directly
used to obtain precision estimates in stepwise photobleaching or high density




Breaking the Single-Molecule Limit in Biological Imaging
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Chemically-selective imaging of biomolecules using labels is central to biolog-
ical imaging. Although advances that allow resolving single fluorescently-Figure 1. Chemically selective im-
aging within single biomolecules.
a, Illustration of the imaging
method employing single-stranded
DNAs as chemo-mechanical labels
and T-shaped cantilevers that
allow locating the labels with sub-
nanometer precision. b, Schematic
of an application of this method to
the imaging of biotin molecules
bound to a single streptavidin. c, A
3-D topographical image of a single
streptavidin, in which two black
spots show the detected locations
of biotins.labeled molecules with nanoscale
resolution have been introduced, it is
still a major challenge to extend the
power of chemically-selective imaging
to investigate single biomolecules with
sub-molecular chemical and structural
detail. To break this barrier, we
have developed a chemo-mechanical
labeling strategy employing single-
stranded DNA to label target sites on
a biomolecule and a nanomechanical
readout mechanism based on atomic
force microscopy to locate these labels.
In analogy with fluorescence micro-
scopy, the chemo-mechanical labeling
strategy allows generating multi-color
images wherein the sequence of
DNA encodes color information. We
demonstrate the basic utility of this
approach by imaging the locations of
biotins bound to a single streptavidin
molecule.
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Three-Dimensional Atomic Force Microscopy: Interaction Force Vector
by Direct Observation of Tip Trajectory
Krishna P. Sigdel1, Justin S. Grayer1, Gavin M. King1,2.
1Department of Physics, University of Missouri, Columbia, MO, USA,
2Department of Biochemistry, University of Missouri, Columbia, MO, USA.The prospect of a robust three dimensional atomic force microscope (AFM)
holds significant promise in nanoscience. Yet, in conventional AFM, the tip-
sample interaction force vector is not directly accessible. We scatter a focused
laser directly off an AFM tip apex to rapidly and precisely measure the tapping
tip trajectory in three dimensional space. This data also yields three dimen-
sional cantilever spring constants, effective masses, and hence, the tip-
sample interaction force components via Newton’s second law. Significant
lateral forces representing 49% and 13% of the normal force (Fz = 152 þ/-
17 pN) were observed in common tapping mode conditions as a silicon tip
intermittently contacted a glass substrate in aqueous solution; as a conse-
quence, the direction of the force vector tilted considerably more than ex-
pected. When addressing the surface of a lipid bilayer, the behavior of the
force components differed significantly from that observed on glass. This is
attributed to the lateral mobility of the lipid membrane coupled with its elastic
properties. Direct access to interaction components Fx, Fy, and Fz provides a
more complete view of tip dynamics that underlie force microscope operation
and can form the foundation of a three-dimensional AFM in a plurality of
conditions.
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High-Speed Atomic Force Microscopy: Integration with Optical Micro-
scopy and High-Speed Force Spectroscopy
Simon Scheuring, Felix Rico, Adai Colom, Ignacio Casuso.
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High-speed atomic force microscopy (HS-AFM, [1]) offers unique novel pos-
sibilities to study single molecule dynamics [2,3]. Here we present two HS-
AFM developments, first the integration of optical microscopy into HS-AFM
for imaging membrane proteins on cells, and second high-speed force spectros-
copy (HS-FS) for fast protein unfolding studies:
HS-AFM is a powerful tool for studying structure and dynamics of proteins.
So far, however, HS-AFM was restricted to well-controlled molecular sys-
tems. Here, we integrate optical microscopy (OM) into HS-AFM, allowing
bright field and fluorescence microscopy, without loss of HS-AFM perfor-
mance. This hybrid HS-AFM/OM setup [4] allows positioning the HS-AFM
tip on an optically identified zone of interest on cells. We present movies at
960ms per frame displaying aquaporin-0 array and single molecule dynamics
on intact eye lens cells. This hybrid setup allows HS-AFM imaging on cells
~1000 times faster than conventional AFM/OM setups, and first time visuali-
zation of unlabeled membrane proteins on a eukaryotic cell under physiolog-
ical conditions.
The mechanical unfolding of muscle protein titin by AFM is a landmark exper-
iment in single molecule biophysics. Molecular dynamics simulations offered
an atomic level mechanistic description of the process. However, experiment
and simulation differ in pulling velocity by orders of magnitude. We have
developed HS-FS [5] to unfold titin at velocities reached by simulation
(~4 mm/s). Our results show that an intermediate state in a small beta-strand
pair dynamically unfolds and refolds, buffering pulling forces up to ~100pN.
Furthermore, our data indicates that the distance to the transition state of
domain unfolding is much larger than previously estimated, but in better agree-
ment with atomistic predictions.
[1] Ando, et al., PNAS,2001,98(22):12468-12472.
[2] Kodera, et al., Nature,2010,468(7320):72-76.
[3] Casuso, et al., Nature Nanotechnology,2012,7(8):525-529.
[4] Colom, et al., Nature Communications,2013,4:DOI:10.1038/ncomms3155.
[5] Rico, et al., submitted,2013.
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Vertically protruding stereocilia on the apical surface of the inner ear hair
cells represent the ultimate challenge for scanning probe imaging. We have
previously imaged these structures, which are largely unresolvable by optical
microscopy, using hopping probe scanning ion conductance microscopy
(HPSICM) in glutaraldehyde-fixed mammalian auditory hair cells (Novak
et al. Nat Methods, 2009). However, it required a considerable amount of
time (~44 min per bundle of ~8x8 mm). To study live cells, we needed to signif-
icantly increase the speed of imaging.
798a Wednesday, February 19, 2014For Z-movement we have now used a faster piezo assembly with a resonant fre-
quency of ~18 kHz, similar to the ones we used for hair bundle deflection.
Despite having a less sensitive strain gauge sensor, the vertical resolution of
the system remained the same (~5nm). After adjusting the proportional-
integral-derivative controller of the Z-scanner (~50ms delay) and increasing
the speed of approach, we were able to obtain high-resolution images of live
hair cell bundles at a frame rate of 12 min/bundle or less.
We tested the performance of the improved HPSICM system in live rat inner
hair cells (IHC) and showed, for the first time in live cells, the presence of char-
acteristic stereocilia features at an X-Y resolution of ~11nm. We also imaged
IHC bundles from the Shaker2 and Whirler mice due to their short stereocilia
with abundant stereocilia links (typically ~5nm in diameter and ~100-300nm in
length). We confirmed the reproducibility of links in continuous time-lapse
scanning and also their absence after chemical disruption with BAPTA-
buffered Ca2þ-free medium.
Our results demonstrate that the improved HPSICM technique successfully
visualizes the extremely convoluted surface of stereocilia in live auditory
hair cells at a high resolution and a faster speed.
Supported by NIDCD/NIH (R01DC008861).
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Compressed Sensing Based Atomic Force Microscopy
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The Atomic Force Microscope (AFM) is a powerful tool that has had a tremen-
dous impact on the understanding of systems with nanometer-scale features.
Efforts in improving the temporal resolution of the instrument have recently
yielded high-speed AFMs with frame rates of approximately 10 frames per
second. These instruments, however, achieve such speeds through various trade
offs and as a result have limited imaging modes and scan sizes. In addition,
despite these advances, typical commercial instruments continue to have frame
rates well below one frame per second.
This work develops and implements a novel sensing matrix for the application
of compressed sensing (CS) to image acquisition in AFM, with the goal of
improving the temporal resolution of the instrument by reducing the amount
of data that needs to be acquired to create a high-quality image. In traditional
CS, each measurement is, by design, a linear combination of the elements of the
signal under study. In AFM however, the physics of the sensing process require
that each measurement contains information about only a single point. The CS
measurement matrix used here takes this into account and allows the user to
balance image acquisition time against image quality. The proposed method
is demonstrated through simulation. These simulations show faithful recovery
with a reduction in imaging on the order of a factor of ten. By accepting a
reduction in image reconstruction quality, additional gains in imaging time,
up to a factor of twenty, were achieved.
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We have developed a novel set-up to simultaneously 1) apply static and dy-
namic deformations to adherent cells in culture 2) optically image cells
under fluorescence microscopy and 3) assay the near-membrane mechanical
properties with atomic force microscopy. In this system, the cell culture
substrate is formed by a film of dielectric elastomer which can be eletro-
actuated. The geometry and position of the actuating electrodes and the
applied potential can be manipulated to obtain specific strain fields over the
cell culture chamber. We have modeled the electro-mechanical behavior of
the actuated elastomer film and using optical markers we have established
an experimental procedure to optimize and quantify the strain at the
adherent cells. This cell culture device has been integrated together with a
commercial atomic force microscope coupled with an inverted optical micro-
scope equipped for fluorescence. This novel set-up allows us to temporally
assess, with sub-micron spatial resolution, single cell topography and
elasticity, as well as ion fluxes, all during static or cyclically applied defor-
mations. Preliminary results on fibrobalsts (3T3 NIH) show reproducible
and reversible increase in cell elastic modulus as a response to 4% applied
uni-axial stretch; additionally high resolution elasticity maps of an area of40x40 mm on a single fibroblast could be obtained while stretching a single
cell. When measuring cardiomyocites from mouse embryo, profiles of Ca2þ
intracellular concentration could be also monitored while applying static
and dynamic stretches. This study provides proof-of-concept for this set-up
as a flexible experimental platform to investigate mechano-transduction mech-
anisms at the single cell level.
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Mass spectrometry imaging makes possible simultaneous measurement of a
large number of biomolecules of lipids, peptides, proteins, etc. from the
same sample. Of special interest are ambient ionization techniques that can
be carried out at room temperature in air. We report the development of a
new type of ambient mass spectrometry named laser desorption ionization
droplet delivery mass spectrometry (LDIDD-MS). It utilizes a pulsed laser
for desorption of molecules from cells or tissue substrates. The desorbed ions
are picked up and delivered with directed sprayed liquid droplets on the
laser-irradiated region to a mass spectrometer. By translating desorption region
on XY moving stage, two-dimensional images of the desorbed/ionized ions can
be formed. As the region of desorption/ionization of LDIDD-MS is spatially
limited to the laser beam spot size, the spatial resolution can be ideally reduced
to several microns.
We obtained spatial resolution as low as 2.4 mm in microcontacted standard
samples and ~7 mm for a pancreas tissue sample. We employed the LDIDD-
MS imaging for single cell analysis and observed a significant heterogeneity
in cellular apoptosis of HEK cells. LDIDD-MS also enables real-time measure-
ment/imaging of exocytosed biomolecules in live cells. Exocytosis of
neuropeptides and enzymes in PC12 upon biochemical or biophysical stimula-
tion has been acquired and we believe that this will make it possible for use
to obtain spatiotemporally resolved maps of neurosecretions at single-cell
resolution.
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Cortex
Frederic Eghiaian, Simon Scheuring.
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Recent studies have shown that processes such as eukaryotic cell-cell interac-
tions, differentiation and tissue development are controlled by mechanical sig-
nals. These mechanical stimuli come from the outside of the cells and induce
remodeling of the cytoskeleton in the cell interior. Unfortunately, no dynamic
data at high spatial resolution could be acquired so far on the cytoskeleton of
live cells, and the mechanical heterogeneity at the subcellular level remains
unknown. In particular, the cell cortex is a major determinant of the cell
mechanics but its spatial arrangement is poorly understood, and the dynamic
behavior of its elements could only be inferred through indirect methods.
Here we demonstrate that simultaneous topography imaging and mechanical
mapping of live cells under physiological conditions at high resolution and
low forces is possible using atomic force microscopy. We applied our methods
to perform direct imaging of the cell membrane actin cortex, reaching a
resolution inferior to 100nm and a maximal 10s image acquisition rate. The
cell cortex is structurally, mechanically and dynamically heterogeneous at
the subcellular level, and its fastest rearrangement time was in the 10s range.
Our resolution enabled direct sizing the sub-membrane actin meshwork,
confirming estimates from electron microscopy and molecular diffusion
studies. Furthermore, we can attribute dynamic parameters to actin meshworks
of various architecture and estimate the forces that they can exert on neigh-
boring cells.
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Molecular Biology has advanced our knowledge of the individual molecular
components that make up living cells. The challenge, however, is to fully
